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FOREWORD 

This report by S, H» Dodd, H. Klemperer and Po Youtz 
is tho corabined material on the M.I.T. electrostatic storage 
tube whioh "was presented by P, Youtz at the 1950 National Con-^ 
vention of the Institute of Hadio Rngineers and by So H« Dodd 
at the 1950 North Kastern District Iteeting of the American 
Institute of Electrical Engineers© 



A.BS'm/lCT 

A boam-def lection elootrostatic tub© was developed to 
storo binary "^odod infonmtion at two stable potential level e, 
100 volts apart, for digital computers or conmunioations systeiaso 
A single 2000-volt electron beam -vvrites or reads one of 400 binary 
digits on a four -inch target* A 106»volt electron flood replaces 
leakage and retains stored information indefinitely* The potential 
boundary stability on the storage surface is assured by a mosaic 
of conducting beryllium squares o Access time is 6 to 25 microsec<- 
ondSo Tubes are in pilot production for a digital computer* Future 
developments should increase access speod to 6 microseconds and 
reliable operating storage density to 1024 binary digitSo 



1„ IlJTRODUaTIOIT 

Tho M«I,Te oleotrostatio storage tube has been developed by 
the Ser'VTomechanisms Laboratory at the Liassachusetts Institute of Teclinology 
wider the sponsorsliip of tho Office of Naval Researcho 

The need for information storage raethodB exists in nany fields o 
For example^ electronic storaj^e is fotmd in a radar KTI system -where stor- 
age of radar information at different times is compared and the difference© 
in the stored information are indicative of moving radar targets. Rlec- 
tronic computors must have storage of datA available under tho direction 
of the computing systomo 

The n.I.T* storage tube v/as developed specifically as a reliable 
high-speed memory device for a parallel-type digital computer. However^ 
the tube is well suited for high-speed reliable storage of any binary -coded 
information. 

The memory device for those applications must have tho following 
characteristics: 

(1) Since each bit of information to be remembered has a 
binary representation the device is required to store 
just two possible values for each digit — either a 

zero or a one. This requires two stable storage levels — 
one representing a zero, tho other representing a one© 

(2) The device must bo able to place a number in any of its 
storage positions quickly and without errors. This is 
called writing. 

(3) Tho device must be able to remove any number from any 
storage position quickly and v/itliout errors. This is 
called reading. 

(4) The device must hold the numbers in storage permanently 
without errors as long as power is supplied to the tube. 
This is called holding* 

(5) Some applications have a fifth requirement. For instance 
the parallel -type computer requires that the memory device 
be operable in a parallel transmission system, Fbr example ^ 
in the parallel transmission of a IG^digit number the 16 
digits are transmitted simultaneously over 16 separate 
channels. In this parallel transmission system the 16 digits 
of a number are stored simultaneously, one digit in each of 

~ 16 separate storage tubes, v/ith all 16 storage tubes haying 
their positioning units connected in parallel. 

Recapitulating, these memory devices must be able to write and 
read quickly, hold two stable storage levels reliably and operate in a 
parallel system« 



2. CMIIACTERISTICS OF Tlffi TU3B 

2«1 Physical Appearanoe and Descriptiott 

Flguro 1 sliov/s the installation of storage tubes and their asBosi- 
ated circuitry in the storage tube rov/ of a digital computer. Two tubes 
are mounted on each rack inside of mu-irictal boxes to shield them from stray 
magnetic fields. To the right you see both lids in one rack removed. In 
addition, the inner shield of one tube is removed to show the tube itself© 

Figure 2 shows a picture of the tube itself* It is a special 
cathode-ray tube in wliich both aseroe and ones are stored as charges on a 
dielectric surface located at this end. Two electron guns are mounted at 
the other end. One of these is used to read and write, the other to main-" 
tain the inforiination. The electron guns v/ere mounted in separate necks 
during the development v/ork to keep their operations carefully isolated. 
This isolation of the guns aided our test program*, 

An exploded view of the tliree major components of the storage 
tube is shown in Figure 3, The three components shown in this figure are: 
a cut-away view of the storage assembly, the write and read gun, and the 
holding gun. The writo-read gun is an ordinary cathode-ray gun which is 
electrostatically focused and deflected. The deflection plates position 
a 50-mioroampere beam to a desired spot on the surface. Then the beam is 
used to charge the spot to one of the two desired charge levels. The hold- 
ing gun, which is a triode structtire, provides the holding?; action in the 
tube and permits permanent storage of information « 

The storage assembly can be seen better In Figure 4. This cut- 
away view of the 100-mesh v;iro collector screen and the 4-inch diameter 
dielectric plate shov/s the parts in their true relative sizes. 

In Figure 5 a partial section of this storage assembly shows the 
location of the collector screen and the dielectric plate, vMch is spaced 
,015 of an inch below the collector. The storage surface consists of a 
mosaic of snail squares of conducting material on the dielectric plate « A 
backing plate supports the dielectric and makes electric contact with the 
silver film on its back surface. Two mica soacers insulate and locate these 
components within a frame. Tungsten springs were used to insure adequate 
screen tension, 

2.2 Performance 

2«21 Speed and Capacity 

Information in the form of negative or positive signals is stored 
on this surface and read out at any desired moment. Th© time during which 
such v/riting and reading out can bo performed is oa'lod the access time. 
The access time includes positioning th© read-write beam to the desired 
storage location, turning on the beam, picking up oapacitively the readout 
signal from the signal plate, checking and rev/riting the stored signal ivhen 
necossary. At present the nccess time of the tubes, including all those 



operations, ran^^es fVom 6 to 20 microseconds „ At proscnt a tube stores 
between 400 and 1024 binary digits in the form of discrete positive or 
negative charges o The access time and density depend on the typo of tube 
and the mode of operation^ Tlov/ever, the relatively lov; number of stored 
points on the target invites an explanation. It is true that many thou- 
sands of points oan bo stored in the present tube, as has been soen v/hen 
a static ohar^o distribution on the storaf,e surface is read out with a 
television scan* Hw/ever, the density figure of 400 to 1024 points is for 
tubes operating dynamically in a parallel systen and remembering the infor- 
mation for a day without an error* 

2o22 Tube Life 

Tube life tests have been made in special life racks under both 
dynaiaic and static conditions. Those tests indicate that the cathodes of 
the electron guns are the limiting factor in the life of the tubes. It 
is possible to replace the guns v;hen they are deteriorated and reprocess 
the tubes* By this method vie should be able to extend the useful life to 
several thousand hours. Six tubes have already been life tested between 
5 and 8 thousand hours with static patterns stored on them. 

3. cpii:ratiok 

5«1 Introduction 

Before the operation of the tube is discussed, let us examine a 
pictorial sol^^iematic of the components in Figure 6, 

The storage assembly consists of the following: 

1st element is a collector made of lOO-mesh per inch vdre screen* 
This collector is held .015 of an inch in front of 
the storage surface. It. serves as the collector and 
as the voltage reference level for the secondary 
emitted electrons from the storage surface* 

2nd eleaont is tho storage surface, v/hich is a beryllium mosaic 

on mica. We are interested in a mosaic of conducting 
islands which are carefully insulated from each other 
and which have a high secondary emission yield. F\ir- 
. ther, these elements must be small enough so that the 
writing beam charges a number of them to write one spot, 
We have used 3 mosaic sizes — 40^ 60, and 100 squares 
per linear inch. The secondary emission properties of 
beryllium with a thin film of oxide make this material 
well suited for our application, 

3rd elemont is the dielectric, v/hioh is a 4-inoh diamoter mica 
sheet «■- o005 of an inch thicko 

4th element is the signal plate, which is a film of silver on the 
back side of the mica plate o 



These 4 oompononts are held rigidly in an assembly which was 
illustrated in the two previous figures. It should be noted that the col- 
lector is always at ground potentials The signal plate is gated positive 
during tivo operations — in v/riting minus and in one method of readings 

Writing is simply the storing of a or X on the storage surface 
at the selected spot « The ones are stored at the level of the collector 
potential and the zeros are stored at the level of the holding-gun-oathode 
potential p 

Reading is the examination of any selected spot and the produc- 
tion of a signal representing the or 1 digit which is stored* 

Holding is the replenishing or depleting of the stored electrons 
to maintain each spot at the original value which was stored* This is 
accomplished by flooding the storage surface with a uniform beam of low 
velocity electrons p Holding is required to control the leakage effects 
and the stray secondary electrons, and in some oases to renew the charge 
of the stored signal which v;as partially removed by reading* 

Now let us examine the detailed operations of the tuboo 

5*2 Writing 

II !■ » l» II III II 

In order to write on the storage surface, the high-velocity -gun 
defleotion«'plate voltages are established so that when the beam is turned 
on it v/ill select the desired spot* The high velocity beam covers 10 to 
25 mosaic squares and alv/ays charges them to the collector potential© 

7friting positive is illustrated in Figure 7* In order to write 
a positive spot, the high velocity beam, is simply turned on until ix 
charges the spot to collector potential*, If the area v/as at collector 
potential before T/riting r>ositive, it stays at collector potential o If 
the area was at holding-gun«cathode potential before writing, it is charged 
to collector potential during writing. This is so because there will be 
more secondary electrons from the area than primaries to it, and the excess 
secondaries leaving the area will charge it positive until it reaches col- 
lector potential o 

V5riting negative is shewn in Figure 8© ^.Then a negative spot is 
written, a positive gate of 1007 is applied to the signal plate • This 
capacitively raises the level of the whole storage surface by almost lOOV 
during tho gate. The high velocity beam is turned on while the surface is 
still lOOV above normal and brings the storage spot to collector potentialo 
(The v/ri ting beam always charges an area to collector potential p) Thus 
the selected spot is established at ground rei;ardless of its previous 
potential » The gate to the signal plate then terminates and this soot on 
tho surface drops lOOV bolow ground. All other spots on the surface drop 
back to the potentials thoy held before gating the signal plate o 

Thus, if the high velocity beam is turned on without gatinf.' the 
signal plate, the selected spot is written at 'ground potential; if tho high 



velocity beam is turned on while the sifpial plate is fratod, the selected 
spot again is written at {^ound potential hut then assumes holdinp;-gun- 
oathodo potential when the Rate ends* This action is not dependent on 
the potential of the spot before the v/riting operation and therefore no 
erasure is reouirod to store new infcrmationo 

3«3 Reading 

Lot us now consider the inot>ird of readin|> The writing operations 
produce an array of S!X)ts on tho surface representing zeros and oneso The 
zeros ar« spots at ground potential; the ones are lOOV below ground poten- 
tial at tho holding gun cathode « 

During tho reading operation the high velocity beam is deflected 
to tho desired 8Tx>t to be road and is used to discharge the spoto T>i6 
change in charge during the reading operation is oapacitively coupled to 
the signal plate, and tho displacement current is detected as an output 
signal « One mode of reading detects only negative areas« In this opera- 
tiottji when a positive spot is read, no change in charge occurs at the spot 
since a positive spot is already at ocllector potential© However, when a 
negative spot which is at -lOOV is road, it charges up to collector poten- 
tial, and this change in charge is detected as an output signal© 

Another node of rep.din{T, detocts both positive and negative areas « 
It requires gating the signal plate to a level intermediate between the two 
stable charge levelSe A sjjrt v;hon read th«!i charges or discharges to this 
intermediate level and produces a positive or negative output signal 
accordingly. This method is being used in the l!oI«T« oomnuter applioationo 

In the computer operation the high velocity beam is radio -frequency 
intensity modulated at 10 raegaoyoles during the reading so that a radio- 
frequency signal can be easily separated from the signal plate gate. The 
radio -frequency signal is then amplified and detected, giving video output 
pulses of both ]X)larities, which are well-suited for checking purposes o 

3i4 Holding 

3o41 Introduction 

Various factors can cause a cliange in charge of the stored areas o 
One of these is leakage* To minimize this, the best possible dielectric 
is used and kept very clean during all handling and prooessingo 

There are three otlier factors which disturb the charge stored on 
the surfaces 

lo The secondary electrons from bombardment of other spots on 
the storage surface., 

2o The secondary electrons from the primary electrons striking 
the collector grido 

3o Tho reading beam itself » 



Therefore^ v;e need to compensate for these disturbancos and 
restore leaked charge o Hej^enerative holding is eMployod in somo tyooe of 
moraory tubes „ • This v/as described by P<, Cc Williams in England. In these 
typos,, provision is made for rewriting every stored signal at frequoav. 
enough intonrals so that the decay is not enough to destroy the identity 
of the stored signal » IIov/ever,» in the M»I.To tube we use static holdingo 
Once a digit is ^vritten, it will be held indefinitely without rewriting o 
This static holding has been described in the literature of a number of 
authors, particularly Rajchnan and Haeff* Rajchmau used it in a neniory 
tube which does not use a deflection system© Haeff used it in a beam- 
deflection electrostatic picture storage tube. In the ?T,I*To tube, the 
holding gun floods the storage surface with a spray of lOOV electrons to 
maintain the stored signals at two stable potentials « The two stable 
potentials are the collector potential and the holding«'gun-oathode 
potentials 

So 42 Explanation of Holding Action 

Figure 9 shows a typical secondary emission ouarve^ Tfi/hen elec- 
trons from the holding gun strike the target surface^^ they release elec- 
trons from the target material which are omitted at low velocity toward 
the collector screen* The secondary emission curve is the ratio of 
secondary to primary current^ It shows that incoming electrons at low 
velocities release few secondaries but the ratio soon increases to the 
point where more secondaries than primaries are emitted© Only the ,low 
velocity range is of interest in determining holding gun aotiono 

Figure 15 shows how the ele ctrons behave when an area on the 
storage surface is near the negative stability point* To show that 
actual stability exists, wo will consider what happens when the surface 
is below/ and above the stability point© The figure on the left shows a 
surface belov/ the holding gun cathode potentials The holding gun elec« 
trons arrive at the plane of the collector with 100 volts energy but will 
nev^r reach the surface since it is more tlian 100 volts negative. Thus 
no holding current flows to the surface • Small leakage currents to sur« 
rounding positive electrodes cause the surface to charge positive© 

On the other hand, the figure on the right shows a surface 
slightly above cathode potential© The holding-gun electrons strike the 
surface with a feiv volts velocitya The secondary emission is much less 
than 1 so there are more primary electrons arriving at the surface than 
there are secondaries leavinn. The resulting accumulation of electrons 
charges the surface in a negative direction until it reaches holding>^,un-«»' 
cathode potential « ^ 

At holding-gun-cathode potential^ only enough primary electrons 
strike the surface to supply the leakage current* Thus^ we have shovm that 
if t>ie surface differs from the negative stability point bv a few volts in 
either direction, a restoring current returns the surface to the stable 
potential© 



Jlf^ure 16 shows how the oleotrons behave v/hen an ai-ea on the 
storage surface is near the positive stability point* The positive 
stability point is at collector potential so the holdinf; gun electrons 
strike the surface with approximately 100 volts velocity <> Therefore 
the secondary emission ratio is about 2. The figure on the left shows a 
surface slightly belo\v collector potential. The secondary electrons are 
attracted to the oolleotor and the net loss of electrons charges the area 
in a positive direction tovmrd the collector <» 

The figure on the right shows a surface above collector poten- 
tials It is true that the secondary emission ratio is about 2, but the 
positive surface attracts secondaries. Thus both primary and secondary 
electrons accumulate at the surface and charge it negative toward oo Hector < 
k positive area is thus kept at collector potential and a disturbance of a 
fev; volts in either direction results in a restorinn current. 

The important points of the holding gun operation ares 

(1) A stable negative spot cannot move positive because low 
energy holding electrons accumulate and few secondaries 
exists 

(2) A stable positive S'^xjt stays positive because the excess 
of secondary electrons over primaries charges the surface 
positive to collector o 

3o5 Itosaic Improves Stability 

The mosaic improves the stability of the stored patterns by 
making more effective the action of the holding guxto These conducting 
islands of beryllium on mica provide definite boundaries for the charged 
areas and prevent them from creeping. The holding«»beam current,, falling 
uniformly over a conducting mosaic element, is able to counteract leakage 
from the edges of one island to a neighboring- island. Tlierefore, larger 
mosaic islands give larger stabilizinr; current and higher storage sta« 
bilityo However, the mosaic si zo must be small enough so that the surface 
is essentially continiaous v/ith respect to the definition of the writing 
and reading gun. Then the deflection system need only be constructed to 
aim the beam during reading at the written spot rather than at a pre- 
viously determined physical area. There Pore, the mosaic size is compro- 
mised to get high stability and high density of snot storage. These 
beryllium mosaics are prepared in very high vacuum by sublimation through 
a wire mesh mask held tightly against the mica. This masking screen is 
not used in a storage tube. The surface is removed and put into a clean 
assemblyo 

4o AVAILABLBJ !.I,I,T, TUBES 

At present these tubes are in laboratory pilot production^, and 
a sufficient stock has been accumulated and tested for initial digital 
computer installation. Figure 11 shows our present stock of tubes*, ^e 
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also keep on the shelf a stock of mosaics imder Tacuum for the storage 
tubes o Any application which requires hig;h~sp©9d and reliable storage of 
binary coded information for either parallel or serial transmission would 
iCind the IfoIoTo tube useful «> 

5a TESTIKa !:ETTID1)S 

'f© have now covered the characteristics and operation of the 
storage tube, l^Ugure 10 shcv/a the block diagram of a test station designed 
to f^ive a visual display of target potential distribution in a storage tube«, 

Th© svieep generator provides a television-type scan for both a 
n?.onitor tub© and the 7;rite->road gun of the storage tube* Th© beams in both 
tubes are deflected simultaneouiSlyo 

A radio-frequency signal generator intensity-modulates a weak 
reading beam at 10 wegacyolos. The holding gun restores the charge lost 
during reading, Th© output signal ^ after amplification and phase detect 
tion, is used to intensity modulate the monitor tube* Thus negatively 
stored areas give a strong readout signal resulting in a bright area on 
the monitor tub© v/hilo positively stored areas result in dark areas on 
the monitor tubo* 

If w© reduce the accelerating voltage of th© holding electrons 
below a critical value, the whcle surface can be forced to th© negative 
potential f thus giving a uniform area on which to store spots <» 

An array of positive spots can b© stored in th© storage tub© by 
th© followinr steps? 

(1) Th© removal of the television scan from the deflection 
plates* 

(2) Deflection of the beam to th© d0sir©d snot on which the 
writing operation is to take place 

(3) -Writing a positive spot 

(4) Hepeat for each spot 

After these operations are completed and the television scan 
reapplied^, the readout circuit will again show a picture of the storage 
tube with a 20 x 20 array of positive spots stored on th© surfaooo Of 
ooursop in normal computer operation all the spots will not necessarily 
be positive; w© tvill probably have some random combination of positive 
and negative spots on the surface o 

'7e have ,juf!t discussed a test method which gives a static dis- 
play of the storage surface charge distribution* ?5.guro 12 shows a special 
test setup v/hich has been built for testintr the tubes dynanicallyo This 
installation provides facilities for operation of one to five storage tubes 
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under conditions simulating as closely as possiblo, those which ar-e oncoun« 
tered in a high~speed computer* 

Figure 13 shov/s a block diaj^ram of the dynamic tester, Tho usual 
rsiodo of operation of the dynamic tester is cycling* This consists of counts 
ing tlirough an array of spots and storing each piece of information in the 
next ad;jaoent spot. Thus, inserted information is continuously cycled 
through the storage tube. In this tost setup,* the deflection circuits 
position the beam to one of 400 spots until a count pulse causes a deflection 
to the next sj)ot, Ten^rary storage units 1 and 2 are circuits capable of 
storage of one piece of binary informationo . 

Let us nov/ consider the steps necessary for oyolinge First the 
radlo«»frequency pulsor drives the -write-read gun, which gives a pulse of 
10 mo modulated current o The resulting readout signal is stored in tempo- 
rary storage #1 and also pulses the monitor tube« 

The second operation senses tho information in temporary storage 
#2 and thus decides -whether to anply a gate to the signal plate for writing 
a negative spot*, At the same time the v/rite«°read gun is gated on for the 
v/riting operation » 

Tha third step transfers the information from temporary storage 
Tj^l to temporary storage 1^ so that it v;ill be available for writing in the 
next spoto 

Fourth^ tho deflection generator is made to count to the next 
spoto 

The sequence of operation is then repeated. Thus each sequence 
reads out from a S'xst, writes tVie information from the previous spot and 
then crntinues on to tho next spot* 

"lien the deflection generator has counted through a complete 
array, each piece of information has been advanced one positiono The 
deflecti<^n f^nerator then continues to count through the array again c 

Information re^d out of the last spot on the tube is rernritten 
on tho first spot so t'>at instead of cycTinr; off the end of the tube, the 
pattern is seen to continue tr c clo inside of the tubeo Normal operation 
of tho dynamic tester cycles the soots with an interval of 40 microseconds 
bet^veen each count of the deflection generator o 

A difficult tost is to store' and cycle a checkerboard array of 
soots, T)ii8 is an array in which alternitcf srx^ts are positive and negativeo 
This means that as each spot is read out , the ^*n formation to be written in 
its place must be of the opposite polarity, and therefore requires constant 
changing of the potential of the storage spotSo 

It iS;, hov/nver^ more difficult to determine v/hen a mistake is 
made when a checkerboard pattern is being cycled at high speeds, Tho dynamic 
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tester has therefore been equipped vdth a sensing circuit v/hich auto- 
matically stops the cycling; v/henever a sinple mistake is madeo 

60 Af^PLICATIOTI III COMMimiCATIC^]'? 

The field of ooiomimlcation is finding that a limit to the ntim«« 
ber of channels for both wire and v/ireless information is beinj'; anprcaohodo 
''ore efficient use of present transmission facilities could be made by a 
bandwidth roduotinn or by reducing the required titne of data transniissiono 

A generalized ne-iory system consisting of two M,I,T« storage tubes 
has been set up imder tho direction of Prof* Wiesner of MoIoT* to experiment 
with this comraunication application* One storage tube# with its associated 
deflection systen, can accept incoming binary-coded information at a random 
time and will store this information until a complete array of information 
is availablco Then the information in the storage tube can be rapidly read 
out and transmitted to a receiver v/hile the second storage tube^ with its 
associated circuits ^ takes over the role of receiving tho incoming infer* 
raatiotto Tho system thus accepts information at a random time v;hile giving 
an output in concentrated bursts <> 

This memory system was designed and constructed by Prof « T/iesner^s 
group© Operation has been shown to be adequate by reading out all th© 
information In one tube and storing this information in the second tube© 
The information from the second tube is then retransmitted to the first tube. 
This cycling of the information botnveen tubes has been done at high speeds 
for periods of several hours without mistakes© 

The capabilities of the storage tube just described are adequate 
for many other applioations w}»ich can us© binary-coded in formation o 

7c Fimms RKSEARCH Alio i)l;.'Vl'XCH!:aiTS 

A more compact design has been made as indicated in Figure llo 
In this model both guns are mounted in one necke This will be simplified 
further for productiono Future improvements on this tube are expected to 
result in decreasing access time to 6 microseconds and increasing storage 
density for reliable operating storage to 1024 binary digits© 
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Pig. 11 • Storage tube inventory 








Fig. 12. Dynamic tester 
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Pig. 13 • Block diagram, of dynamic tester 




Pig. 14, New design of storage tu"be 
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FIG. 15 

HOLDING GUN OPERATION 
NEAR NEGATIVE STABILITY 
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FIG. 16 

HOLDING GUN OPERATION 
NEAR POSITIVE STABILITY 



